Since DNA fragmentation is a key feature of programmed cell death (PCD) and also occurs in certain stages of necrosis, we have adapted the methodology of in situ nicktranslation (IS") to detect DNA fragmentation on a singlecell level. We first established the technique for cell preparations. Apoptosis was induced by y-irradiation on freshly isolated rat thymocytes. M e r f i t i o n procedures, ISNT was performed by overnight incubation either with fluorescein-12-dUTP or with digoxigenin-labeled 11-dUTP and DNA polymerase I. The enzymatic incorporation of labeled nudeotides at sites of DNA fragmentation was detected by flow cytometry either directly or indirectly with fluoresceinconjugated anti-digoxigenin. The quantitative results demonstrated dose correlation with morphological essays for apoptosis, DNA gel electrophoresis, and ISNT. Proliferating cells determined by bromodeoxyuridine immunofluorescence were not labeled by ISNT. Immunocytochemistry for cell surface antigens in combination with ISNT allowed the identifcation of specific cell types undergoing PCD. Furthermore, the simultaneous application of photolabeling techniques with ethidium monoazide and ISNT led to the identification of DNA fragmentation in cells with still intact membranes. Extending ISNT to tissue sections of paraformaldehyde-fiied, p a d h e m b e d d e d material reliably revealed labeling of cells with typical morphological features of apoptosis. However, this technique was not useful in detecting early stages of necrotic cell death. (]Hisrochem Cytochem 41: 1023-1030, 1993) 
Introduction
Apoptosis, or programmed cell death (PCD), has been observed in many different cells and in response to many physiological signals or types of stress (Cohen, 1991; Kerr et al., 1972) . According to morphological criteria, it occurs during embryonic development as cell death after removal of growth factors or hormones and is also involved in normal cell turnover in organs (Ellis et al., 1991) . Regardless of the cell type involved and of the applied stimulus, PCD follows a common final pathway. It is characterized by the activation of endogenous endonucleases with subsequent cleavage of chromatin DNA into internucleosomal fragments of 180 BP and multiples thereof. Therefore, PCD is different from the random DNA fragmentation observed in necrosis (Wyllie, 1980a) .
The morphological criteria of apoptosis were originally defined by electron microscopy (Cohen, 1991; Wyllie, 1980b) . Validation on the DNA level requires extraction of DNA, which is then analyzed by high-speed centrifugation in a DNA fragmentation assay (Cohen and Duke, 1984; Wyllie, 1980a) or run on agarose gels (Cohen, 1991; Wyllie, 1980a) . Unfortunately, assay systems of this type are difficult to quantitate, fail to evaluate apoptosis on a cell-bycell basis, and cannot be applied to tissue sections.
Assessment of apoptosis in cell suspensions can be achieved by the flow cytometric detection of cell shrinkage (Swat et al., 1991) or by the reduced DNA binding of fluorescent dyes (Telford et al., 1992) . Kishimoto and colleagues (1990) and Fehsel et al. (1991) used in situ nick-translation (ISNT) with indirect labeling to detect DNA strand breaks in cultured cells. Here we show that ISNT with fluorescein-12-dUTP or digoxigenin-ll-dUTP allows easy and reliable quantification of DNA fragmentation in cell suspensions and on tissue sections, and can be combined with immunocytochemistry to study subpopulations in heterogeneous cell systems.
Materials and Methods
Animals. Thymuses from 4-6-week-old Lewis rats (breeding facilities, Max-Planck-Institutes, Martinsried) were used in the cell experiments. For detection of DNA fragmentation in tissue sections we studied experimental allergic encephalomyelitis (EAE), a disease in which large numbers of cells undergo apoptosis at the peak of brain inflammation (Pender et al., 1991;  Schmied. submitted for publication). EAE was induced in Lewis rats by passive transfer of lo7 myelin basic protein-reactive T-lymphoblasts (Ben-Nun et al., 1981) . Spinal cord lesions were investigated 4 days after transfer. To compare DNA fragmentation in cell apoptosis with that of necrosis, a model of kainic acid-mediated excitotoxic brain damage was used. Status epilepticus was induced in male Sprague-Dawley rats by systemic injection of 10 mglkg kainic acid (Sperk et al., 1983) . Brain lesions were studied at 6 hours, and at 1, 2, and 14 days after kainic acid injection.
Animals were sacrificed by an overdose of thiopental and were perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Tissue was routinely embedded in paraffin.
Thymic Cell Populations. Culture media and supplements were obtained from Gibco BRL (Eggenstein, Germany). The experimental design followed that reported by Sellins and Cohen (1987) . Briefly, cell suspensions were prepared from excised thymuses by use of a sterile wire mesh. Cells were then washed in RPMI-1640 stabilized by 25 mM HEPES and were subjected to different radiation doses. Irradiation was delivered by an X-ray apparatus at a dose rate of 400 radlmin. Control cells were fixed immediately after irradiation, whereas the positive samples were cultured at a density of lo7 cells/ml in 10-cm Falcon plastic dishes (Becton-Dickinson; Plymouth, MA) in RPMI 1640 supplement with 1% normal rat serum, 2 mM glutamine, and 100 Ulml penicillinlstreptomycin. Cycloheximide (Sigma; Deisenhofen, Germany) at a final concentration of 50 pglml was used as metabolic inhibitor.
After 7 hr, cells were harvested and fixed for 12 min at room temperature in 4% freshly prepared PFA dissolved in 0.15 M PBS at a density of lo7 Iml. Cell aggregation was avoided by repetitive pipetting through a flame-polished Pasteur pipette. Cells were washed once, permeabilized in an equal volume of 0.025% Nonidet P40 (Sigma) in PBS for 20 min. and then used for nick-translation.
For morphological assays, thymocyte samples were spun down on slides, air-dried, fixed in Camoy's fmtive for 10 min. and then stained with Giemsa's reagent. Apoptosis was identified by the presence of nuclear condensation.
Nick-translation Assay. ISNT was performed essentially as described by Sambrook et al. (1989) . Cells (5 x 10') were incubated in small reaction tubes containing 50 pl of the reaction mixture. This consisted of 5 pl 10 x nick-translation buffer, 0.03-0.35 nmol fluorescein-12-dUTP (Bohringer; Mannheim, Germany). 0.97-0.65 nmol d'ITP, and 1 nmol of dATP, dCTP, dGTP (Sigma). Five units of DNA polymerase 1 (Bohringer or New England Biolabs, Boston, MA) and water to 50 VI were added. ISNT was performed overnight on light-protected samples at 37% on a rotating shaker (400 rpm). The reaction was stopped by adding 2 pi of 0.5 M EDTA in Tris buffer, pH 7.4. Samples were then analyzed on a FACScan (Becton-Dickinson; La Jolla, CA).
Indirect labeling was carried out using 0.15 nmol digoxigenin-11-dUTP (Bohringer) in the ISNT assay. Incorporation was visualized by fluoresceinated anti-digoxigenin antibodies (Bohringer) at 10 pglml and samples were then analyzed by flow cytometry.
Tissue sections were carefully deparaffinized in xylene and 96% ethanol, treated with chloroform, and air-dried. Sections were incubated for 1 hr with 50 pI reaction mixture (see above) containing 1 pl digoxigeninlabeled nucleotides (Dig DNA labeling mixture; Bohringer). The reaction was stopped by adding 0.5 M EDTA. Sections were then treated for 1 hr with an alkaline phosphatase-labeled anti-digoxigenin antibody (Bohringer) at a dilution of 1:250. Color reaction was visualized by alkaline phosphate histochemistry using fast BB salt (Sigma) or NBTlBCIP (Bohringer).
Combination of Immunocytochemistry and Nick-translation. Surface staining of nick-translated thymocytes was carried out using the W 3/13 antibody (Serotec; Sussex, UK) at a dilution of 1:lOO in PBS/I% BSA at room temperature. After 15 min cells were washed twice and incubated for 20 min with a biotinylated rabbit anti-mouse antibody (Vector Laboratories; Burlingame, CA) at a dilution of 1:lO. Our detection system consisted of a phycoerythrinqan 5 energy transfer fluorochrome (Medac; Hamburg, Germany) coupled to streptavidin. In this system phycoerythrin-cyan 5 fluorescence emission is detected in the red FL 3 channel and does not overlap with fluorescein emission in nick-translated nuclei. Cells were stained for 15 min in 50 pl of the label at a dilution of 1:10, washed, and analyzed on a FACScan.
After ISNT on tissue sections the same sections were stained by immunocytochemistry with antibodies directed against T-lymphocytes (W 3/13; Serotec). Binding of antibodies was visualized by a biotin-avidin-peroxidase technique (Vass et al., 1986) .
DNA Gel Electrophoresis. For DNA isolation, thymocytes were harvested, centrifuged at 150 x g, and then processed essentially as described by Miller et al. (1988) . Before DNA precipitation the aqueous phase was diluted to give a final NaCl concentration of 0.3 M. Two and one half volumes of ethanol were added and incubated on ice on 1 hr to allow precipitation of smaller fragments. DNA was recovered after high-speed centrifugation, washed in 70% ethanol, and dissolved in TE buffer (Sambrook et al., 1989) . Concentration of DNA was determined spectrophotometrically. Ten micrograms DNA per lane were heated to 68'C and mixed with the same volume of a warm liquid 1% low melting-point agarose solution. Samples were loaded in slots and allowed to harden before running buffer was overlaid. Electrophoresis was carried out in a 0.7%-1.2% agarose gradient gel at 100 V for 3 hr. DNA was visualized with ethidium bromide.
Flow Cytometric Detection of DNA Replication. Proliferation studies were done with the cell line P3 x63Ag8-653, a non-secreting myeloma cell line (ECACC; Brighton, UK). Cells were grown in culture flasks in the presence of 50 pm 5-bromo-2-deoxyuridine (BrDU) and 50 pm 2-deoxycytidine (Sigma) in the dark. Control cells were cultured without BrDU. Cell density was 5 x 10' cells per ml RPMI-1640 supplemented with 5% FCS, 2 mM glutamine, and 100 U/ml penicillin/streptomycin. After 24 hr cells were harvested, fixed, and permeabilized as described above. Disruption of the double-stranded DNA structure was achieved by adding 30 U DNAse I (Bohringer) for 30 min (Gonchoroff et al., 1986) . BrDU incorporation was detected with a FIE-conjugated monoclonal antibody (clone B44; Becton Dickinson, Heidelberg, Germany). Cells were washed and analyzed on a FACScan. In parallel, a sample from the same cell preparation was stained by ENT as described above.
Photolabeling Technique. Photolabeling of dead cells was performed with ethidium monoazide (Riedy et al., 1991) . A stock solution of 5 mg/ml ethidium monoazide (EMA) (Molecular Probes; Eugene, OR) in N,Ndimethylformamide (Sigma) was used. Incubation time (10 min) and concentration (1 pg/ml) were titrated beforehand and compared with propidium iodide at 10 pg/ml to ensure that the dye could be readily excluded by viable cells. For photolabeling, cells were placed in transparent tubes on ice at a distance of 20 cm from a strong white mercury vapor light source. They were then washed twice in PBS, fixed, and permeabilized.
ISNT was performed on EMA-stained suspension cells as described above. However, fluorescein-12-dUTP content was reduced to 0.03 nmol to avoid fluorescence overlap into the FI.3 channel due to autoexcitation of densely packed intranuclear fluorescein.
Results

ISNT on the Thymocyte Irradiation Nodel
Flow cytometric analysis of thymus cell suspensions showed two populations separable by their forward and sideward scatter characteristics. The small-sized population was predominant and made up about 95% of the cells. All the data presented here refer to this population. Cell aggregates were recognized by use of a pulse processor device analyzing signal area and width.
We established ISNT on thymocytes irradiated with 2000 rads and cultured for 7 hr in the absence or presence of cycloheximide. Time-kinetic studies revealed that ISNT had to be performed avernight to label 70% of the small-cell population (Figure 1, middle) while the controls (Figure 1, left) still remained negative. The larger cells were more susceptible to irradiation-induced apoptosis (80% labeled; data not shown). Both these numbers and the inhibition of apoptosis by cycloheximide (Figure 1 , right) were in agreement with data reported by others (Sellins and Cohen, 1987) . No labeling of cells was seen in the absence of DNA polymerase.
As controls, thymus cells were used that were treated with the maximal dosage of irradiation (2000 rad) but were fixed immediately afterwards. Thus, the development of apoptosis was prevented. The absence of labeling in these cells excludes the labeling of artificial strand breaks caused by the irradiation or fixation procedure.
The assay conditions could be used for up to 1.5 x lo6 thymocytes and did not require a higher concentration of DNA polymerase. Titration of the labeled nucleotide yielded comparable results for concentrations ranging from 0.03-0.35 nmol (Figure 2 ). Consequently, all flow cytometric assays were performed at 0.15 nmol Figure 1 . Flow cytometric detection of apop tosis in irradiated thymocytes by ISNT. Diagrams show fluorescein incorporation in the small thymocyte population. Controls consisted of irradiated and immediately fixed thymocytes and remained negative in the assay (left). After 7 hr in vitro, 70% of the cells were labeled by ISNT and gave a distinct peak (middle). In the presence of cycloheximide (50 pglml) apoptosis was inhibited and only 15% of the cells were labeled by ISNT (right). fluorescein-12-dUTP. Indirect labeling with 0.15 nmol digoxigenin-11-dUTP and detection by fluoresceinated anti-digoxigenin was as powerful as fluorescein-12-dUTP for detection of DNA strand breaks (Figure 3) , although at a higher background (analyses were performed with the same photomultiplier setting).
Vaidation ofthe ISNT Assay
Dose-Response Studies, Gel Electrophoresis, and Energy Transfer. We compared the results obtained by ISNT with morphological assays to confirm that fluorescein-12-dUTP incorporation is indeed intranuclear and not within cytoplasmic compartments. Thymocytes were exposed to different doses of irradiation and cultured for seven hours in the presence or absence of cycloheximide (50 pglml). Figure 4 (left) shows the results obtained by flow cytometric analysis of ISNT samples. In parallel, cytospins of coded samples were stained with Giemsa and cells with nuclear condensation were quantified by a blinded investigator (MS). These results showed good correlation with the ISNT data (Figure 4, right immediately after preparation of the cell suspension (data not shown). Energy transfer studies (Szollosi et al., 1987) confirmed the intranuclear site of fluorescein-12-dUTP incorporation. Addition of propidium iodide (PI; 10 pg/ml) to nick-translated samples completely abrogated the fluorescein signal in the 2000 rad-treated sample in which approximately 70% of the small thymocyte population had been labeled before (data not shown). Propidium iodide is an intercalating DNA dye whose excitation spectrum completely overlaps with the fluorescein emission signal. Therefore, fluorescence energy transfer from fluorescein to propidium iodide can occur if there is close spatial proximity. Energy transfer with subsequent complete quenching of fluorescein emission could be seen only in ISNT and not in surface-stained samples, further corroborating the nuclear incorporation of fluorescein-12-dUTP.
Nuclear labeling was also demonstrated by fluorescence microscopy and confocal laser scan microscopy. Here the highest signals were seen in nuclei with the typical fragmentation pattern (Wyllie, 1980b) .
Prolz3rating Cells Are Not Labeled with ISNT
That non-linked DNA fragments occurring during DNA replica- tion might be labeled by ISNT was further investigated by combining cell proliferation studies using the BrDU technique and ISNT. Myeloma cells ( x 63Ag8) were grown in the dark in the presence of 50 pM BrDU. After 24 hr their number had tripled. Flow cytometric analysis showed BrDU incorporation in the entire population (Figure 5 , left) . In parallel, ISNT was performed on fixed cells from the same sample. They remained uniformly negative (Figure 5 , right) . Positive controls for the ISNT assay consisted of irradiated thymocytes. About 70% of the thymocytes were apoptotic, as revealed by fluorescein incorporation (Figure 5, right) .
Combination of Nick-translation and Immunocytochemistry
ISNT was combined with surface or cytoplasmic immunocytochemistry for analysis of apoptosis in cell subpopulations or of surface antigen expression during the time course of apoptosis. We studied the expression of the W 3/13 antigen, a glycosylated leukocyte surface glycoprotein, on irradiated thymocytes. Since fluorescence emission spectra of energy transfer fluorochromes (phycoerythrincyan 5; Medac) do not overlap with fluorescein, the phycoerythrin-Cy5 detection system avoids complex compensation procedures. 
control
Controls consisted of irradiated thymocytes (2000 rad) which were immediately fixed and permeabilized. These showed a high expression of the W 3/13 antigen (Figure 6 , left) and remained negative after nick-translation. However, after 8 hr in culture surface expression of W 3/13 had decreased by 30 channels in the FAC-Scan (Figure 6, right) . More than 60% of the cells were apoptotic, as disclosed by the increased fluorescein signal after nick-translation.
Irreversible Photolabeling of Dead Cells for Detection of Apoptosis in Living Subpopulations
Apoptosis is characterized by intravital DNA fragmentation which precedes cell death by some hours. Therefore, another important feature is the discrimination between cells that had already died before fixation and those that were apoptotic yet still displaying intact cytoplasmic compartments and cell membranes. A convenient approach to identify damaged nonviable cells has been to use propidium iodide. Propidium iodide, however, could not be used in combination with fixation. Staining of DNA is reversible and the PI leaks from the dead cells after fixation. It then also intercalates with the DNA of previously viable cells and would quench the fluorescein signal of apoptotic cells, as discussed above. This
in-situ nick translation
Fluorescence 3 ( W 3/13 expression ) apoptotic sample problem was overcome by use of a photolabeling technique with EMA (Riedy et al., 1991) . Photoactivation of EMA by relatively lowintensity visible light generated a highly reactive nitrene. This activated form of EMA bound covalently to DNA and was unable to leak out of dead cells after fixation (not shown). However, the EMA concentration had to be carefully titrated beforehand, as it was not as easily excluded by viable cells as was PI.
Thymocytes were cultured after irradiation with 1000 rad. Ten hours later, part of the cell population was removed and labeled with EMA as described above. In the following period the majority of the thymocytes shrank and fragmented as seen by invert microscopy Fourteen hours later the experiment was stopped and the rest of the cells were labeled with EMA. Both samples were then processed for ISNT.
Ten hours after irradiation 90% of the thymocytes were still alive and excluded EMA (Figure 7, top left) . However, 65% of these were labeled by ISNT (Figure 7, bottom left) . After 24 hr part of the population had already been eliminated by apoptosis. Sixty-five percent of the remaining cells were still alive at this time ( 
Tissue Sections
To confirm DNA fragmentation of apoptotic cells evaluated by morphological criteria, we used ISNT on tissue sections of inflammatory spinal cord lesions of rats suffering from EAE. In these inflammatory lesions many apoptotic cells are found at the peak of the inflammatory response (Pender et al., 1991; Schmied, submitted for publication) . At this stage many cells within lesions were labeled by ISNT ( Figure 8C ). By combining ISNT with immunocytochemistry, the majority of labeled cells were identified as T-lymphocytes (Schmied, submitted for publication). Comparing ISNT labeling and morphological rating gave completely concordant results (Figure 9 ). To evaluate the application of ISNT for the study of cell necrosis, we performed ISNT on brain sections from Sprague-Dawley rats, showing excitotoxic neuronal damage after systemic application of kainic acid (KA) (Sperk et al., 1983) . At 6 and 12 hr after KA injection, neuropathological analysis of the hippocampus revealed swelling and vacuolization of apical dendrites, typical of the direct excitotoxic action of KA. This was followed by degeneration of pyramidal cells at 24 and 48 hr. ISNT did not label the damaged cells before 48 hr, indicating that DNA fragmentation is a very late event in excitotoxic nerve cell necrosis ( Figures 8A and 8B ).
Discussion and Conclusions
PCD is an important mechanism of cell elimination in morphogenesis (Raff, 1992; Ellis et al., 1991) , immunology (Cohen, 1991) and tumor biology (Cope and Wille, 1991) . Thus far, in vitro studies of PCD have been limited by the shortage of proper investigative systems. Methods to detect apoptosis either were based on DNA isolation and gel electrophoresis or they relied on indirect morphological parameters such as nuclear condensation assessed by light or electron microscopy. Flow cytometry was used to study the characteristic shrinkage of apoptotic cells. A very recent study (Telford et al., 1992) evaluated apoptosis by reduced fluorescence of DNA binding dyes due to an as yet poorly understood mechanism.
Preliminary reports by Kishimoto and colleagues (1990) and Jonker et al. (1991) described ISNT with biotinylated dUTP for the detection of DNA strand breaks in cultured cells. The purpose of our work was to establish a method for direct labeling of DNA strand breaks in cell suspensions that would allow fast and reliable evaluation by flow cytometry. We then transferred the ISNT approach to the study of PCD and cell necrosis in tissue sections in different pathological conditions of the brain.
We established our assay system using the thymocyte irradiation model (Sellins and Cohen, 1987) , which provides high yields of apoptotic cells. The cells were fixed and stored at 4°C in PBS to ensure that stability of the assay conditions could always be assessed with cells from the same experiment. Moreover, control cells (2000 rad, immediately fiied) and a positive sample with 70% apoptosis (2000 rad, fixed after 7 hr) could be used as internal controls for all the subsequent assays.
Fixation and permeabilization of the cells are critical points, as they determine the accessibility of nuclear DNA and therefore, according to the pore size of the fixed cells, the time course of the ISNT reaction. We used a combination of PFA/NP-40 which was superior to other fixatives in preserving fragile antigens for flow cytometry (Gold, unpublished observations). Therefore, ISNT could be combined with surface or cytoplasmic immunocytochemistry. This allowed analysis of apoptosis in cell subpopulations or of sur- face antigen expression during the time course of apoptosis. Laborious compensation procedures could be avoided by employing energy-transfer fluorochromes whose fluorescence emission spectra do not overlap with fluorescein emission.
Our fixation approach may explain why cellular ISNT assays here had to be run overnight in contrast to the initial published abstract of 1 hr ISNT after fixation with 70% ethanol (Kishimoto et al., 1990) . However, our fivation method caused no artificial DNA injury in the thymocyte controls, in freshly activated lymphoblasts or in astrocytes (data not shown). Results obtained here with ISNT on irradiated thymocytes were in accordance with data reported by others using morphological assays and DNA gel electrophoresis (Sellins and Cohen, 1987) . Nuclear incorporation of the labeled nucleotide was proven by confocal laser scan microscopy and by energy-transfer studies. Use of a photolabeling technique allowed analysis of apoptosis in subpopulations of viable cells.
To date, electron microscopy has been the most reliable way to identify apoptosis in tissue sections (Cohen, 1991; Pender et al., 1991) . DNA isolation was rarely applicable, as the proportion of non-fragmented DNA in the various tissue samples by far outweighed the degree of DNA fragmentation that occurred in a single cell subpopulation. Our present study shows that ISNT can be used with high sensitivity and specificity for the detection of PCD in tissue sections. Furthermore, it can be combined with immunocytochemistry, thus allowing the exact identification of cells undergoing apoptosis.
It was noted that nuclear labeling by ISNT was not specific for PCD alone but was also found in the epilepsy model in necrotic cells damaged by excitotoxic mechanisms. Obviously, fragmentation of the nuclear DNA also occurs in cell necrosis (Vinken et al., 1988) . although in this situation cell degeneration is initiated by primary damage to the cell membrane and cytoplasmic organelles. As expected, DNA fragmentation visualized by ISNT was a late event in the course of cell necrosis, following the degenerative alterations in the cytoplasm.
In theory, ISNT may also detect non-linked DNA fragments occurring during DNA replication. Therefore, we performed ISNT on a myeloma cell line. Although the entire cell population entered S-phase at least once within 24 hr, as seen by bromodeoxyuridine immunocytochemistry, the cells remained completely negative after ISNT. Most likely, the signal obtained by labeling of single non-linked DNA fragments under the assay conditions was proba-bly not strong enough to exceed cell autofluorescence and therefore disappeared within the background.
ISNT provides a reliable tool for the study of DNA fragmentation on the cellular level. It can be used both in fluorescence microscopy and in automatized cell analysis systems and can be applied to the detection of PCD in tissue sections.
